The unprecedented three-dimensional (3D) shaping capabilities of additive manufacturing technologies have long been exploited for rapid prototyping[@b1][@b2] and more recently have influenced fields as diverse as medicine[@b3], anthropology[@b4] and design[@b5]. The possibility of combining multiple materials in a single geometry is an even more powerful asset of this fabrication approach that adds on an extra dimension in the available design space.

Multimaterial additive manufacturing has enabled the implementation of enticing functionalities into 3D objects[@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14]. For example, inks loaded with cathode and anode materials have allowed for direct writing of lithium-ion microbatteries with high areal energy and power densities[@b7]. Combining cells, biocompatible hydrogels and inorganic particles in the printing process has been extensively explored for the fabrication of advanced scaffolds for tissue regeneration[@b8][@b9]. Flexible, protective armors inspired by the architecture of fish scales have also been recently produced through 3D printing[@b10]. Programmable objects that can dynamically change their geometry have been printed with elastomeric, glassy, thermoresponsive and shape memory polymers[@b6][@b11][@b12][@b13][@b15][@b16][@b17].

Although synthetic processes are far less elaborate and cover a much narrower range of length scales as compared with biologically mediated assembly, the deposition of multiple materials that incorporate new functionalities in 3D printed parts resembles, to some extent, the approach used by living cells to grow biological materials in nature. Alike printing heads, cells in the connective tissues of animals and plants lay down extracellular material (ECM) with locally tunable composition in a layer-by-layer manner. Despite such similarity, a major difference between ECM deposition in biology and man-devised printing processes with regards to the multimaterial aspects is the final deposited material. The ECM often comprises modular, anisotropic constituents such as fibrils, fibres and mineral particles, which are locally aligned in specific directions at different concentrations to generate highly textured composite materials[@b18]. Here texture refers to the deliberate alignment of anisotropic building blocks to enhance target properties in particular orientations. Importantly, independent local composition and texture control provide living cells with at least two additional degrees of freedom as compared with regular 3D printing processes, leading to static and dynamic properties that find no counterparts in artificial systems[@b19][@b20][@b21]. Although recent studies have shown that it is possible to print composite inks containing discontinuous anisotropic fibres[@b22][@b23], deliberate control of the local orientation of the deposited particles has not yet been accomplished.

Inspired by the elaborate heterogeneous architectures found in natural materials, we propose an additive manufacturing route that enables programming and fabrication of synthetic microstructures within a five-dimensional design space. Besides the 3D shaping capabilities of additive manufacturing, such a design space also includes local control of composition (+1D) and particle orientation (+1D). The creation of biomimetic materials through additive manufacturing is the realization of a long sought-after vision[@b24] that, except from a few recent examples[@b6][@b10][@b17][@b23], has been hampered by the lack of easily accessible inks and manufacturing tools. In this report, we first introduce the printing platform developed to enable 5D programmability. This is followed by a description of the composition and rheology of inks formulated to allow for the fabrication of distortion-free 3D shapes. The dynamics of the magnetically assisted process used to achieve particle orientation control is then discussed. Finally, we exploit the proposed multimaterial magnetically assisted 3D printing system (MM-3D printing) to produce exemplary heterogeneous composites with unparalleled microstructural features and multifunctional shape-changing soft devices for adhesive-free mechanical fastening. We highlight that the development of this new printing platform and its use to fabricate 3D self-shaping objects strongly relied on a fundamental understanding of (i) the relation between ink rheology and the shape distortion of filaments, (ii) the dynamics of the alignment of anisotropic particles under an external magnetic field and (iii) the correlation between shape changes in swelling objects and the geometry and properties of their constituent materials.

Results
=======

MM-3D printing set-up and ink formulation
-----------------------------------------

5D programmability is achieved by utilizing inks consisting of magnetically responsive anisotropic stiff particles suspended in a light-sensitive liquid resin of tunable composition. Such inks are deposited using a direct-writing approach in a commercial 3D printer, customized to enable particle alignment using a low-cost neodymium magnet ([Fig. 1](#f1){ref-type="fig"}). The printer is equipped with four independently addressable syringes that can be charged with inks with different formulations. A two-component mixing and dispensing unit is also integrated into the printer to enable a gradual change in the ink composition during the printing process. Loading the two-component dispenser and the individual syringes with inks containing different initial particle contents and resin compositions allows for local control over the relative concentrations of building blocks in the printed layers. The initially non-magnetic particles are made magnetically responsive via the adsorption of iron oxide nanoparticles on their surface before the formulation of the ink[@b25]. Control of the orientation of anisotropic particles is possible by applying a low external magnetic field to the printed layer before consolidation of the continuous fluid phase by light. To gain spatial control of the local orientation of particles in a printed layer, we use masks of desired patterns during the curing process.

A crucial aspect for the realization of the MM-3D printing process is the formulation of inks that can provide the desired particle orientation, composition and 3D shape control. This requires inks with distinct flow responses that range from pure Newtonian for the orientation control to viscoelastic for the shape control. Such a wide spectrum was achieved by incorporating fumed silica (FS) particles of primary particle size of 5--30 nm as rheological modifier in the initial resin solution ([Fig. 1d,g](#f1){ref-type="fig"}). To impart elasticity to the ink, the FS should form a percolating network when incorporated into the resin solution. This was accomplished by adding hydrophobic FS to more polar resins or, conversely, hydrophilic FS to less polar formulations. The ink formulations contained the following main components: polyurethane acrylate (PUA) oligomers, reactive diluents, photoinitiator, rheology modifier and modified alumina platelets as the texturable particles ([Fig. 1c--h](#f1){ref-type="fig"}). The concentrations of the individual components of the inks were varied to fulfil the specific functionalities desired in each of the printed objects ([Supplementary Tables 1 and 2](#S1){ref-type="supplementary-material"}). PUA oligomers that result in either soft or hard polymers after polymerization were used in different proportions as base constituents of all the inks. The reactive diluents were further added to change the mechanical properties of the inks after consolidation.

Ink rheology and magnetic alignment of particles
------------------------------------------------

The effect of the addition of FS on the rheological behaviour of an exemplary resin composition was studied through oscillatory and steady-state measurements. From the rheological data obtained, we quantified the steady-state viscosity and the yield stress of the inks as depicted in [Fig. 2a--c](#f2){ref-type="fig"}. The apparent yield stress of the ink (*τ*~y~) is taken here as the crossover between the storage and loss moduli measured in oscillatory rheological experiments. In the absence of FS, the base resin exhibits a Newtonian response with a viscosity of 0.2 Pa s, which is convenient for the alignment of anisotropic microparticles using low magnetic fields. On the addition of increasing amounts of FS particles to this base resin, the rheological response of the fluid changes from purely Newtonian to a viscoelastic behaviour with a well-defined apparent yield stress ([Fig. 2a](#f2){ref-type="fig"}). Increasing the FS content from 2 to 8 wt% allows us to increase the yield stress and low-shear viscosity of the resin solution by two orders of magnitude ([Fig. 2c](#f2){ref-type="fig"}). The viscoelastic nature of inks with high FS concentrations is crucial to prevent distortion of printed objects. Because the rheological modifier does not require a chemical reaction to thicken the fluid, many different resins including, for example, epoxies, silicones and acrylics were successfully printed using FS in the formulation. Thus, the proposed ink system provides a powerful platform with a broad palette of material\'s choice for the MM-3D printing of objects with orientation, composition and shape control.

To determine the yield stress needed to prevent shape distortion of objects with 3D complex geometries, we printed simple three-layered films with increasing concentrations of the rheological modifier and tracked possible changes in the top layer geometry after a fixed period of time ([Fig. 2d](#f2){ref-type="fig"}). Distortions are typically driven by capillary forces that work to reduce the free energy of surfaces through a decrease in the local curvature of sharp printed edges and overhangs. To meet the conditions encountered in a standard printing process, the top layers were printed with representative overhangs offset by 200 or 400 μm on top of two existing layers. Shape distortion at the edge of the overhang was clearly observed for the inks with low apparent yield stress obtained at FS concentrations equal or below 5 wt% ([Fig. 2d](#f2){ref-type="fig"}). Importantly, distortions were eliminated when the apparent yield stress imparted by the modifier was sufficiently high to prevent the action of capillary forces. For the acrylate-based ink investigated in this study, this condition was reached at a FS content of 6 wt% ([Fig. 2d](#f2){ref-type="fig"}).

Understanding the interplay between capillary and elastic forces acting on the printed inks provides useful guidelines for the fabrication of complex-shaped objects free of distortion. Assuming that local shape distortion occurs when the Laplace capillary pressure (Δ*P*) across the surface of a layer edge overhang with initial radius *r*~i~ and curvature *κ*~i~ (1/*r*~i~) is higher than the apparent yield stress of the ink (*τ*~y~), one should expect the layer edge to deform to an equilibrium radius *r*~eq~ and curvature *κ*~eq~ (1/*r*~eq~) that varies according to the simple relation: *κ*~eq~=*τ*~y~/γ, where *γ* is the surface tension of the ink. Experimental data obtained for ink formulations with different FS concentrations confirm this linear dependence of the equilibrium curvature on the yield stress when Δ*P*\>*τ*~y~ ([Fig. 2e](#f2){ref-type="fig"}). Linear fitting of the experimental points leads to a surface tension *γ* of 0.017 N m^−1^. This estimate is close to the value of 0.019 N m^−1^ determined in independent surface tension measurements using the pendant drop technique, confirming that the proposed correlation effectively captures the capillarity-driven mechanism governing local shape distortion of the printed filaments. Inks with sufficiently high FS concentration (≥6 wt%) exhibit a yield stress higher than the capillary pressure (*τ*~y~\>Δ*P*), which prevents excessive distortion of the printed material. In this case, an increase of 33--35% in the initial radius of curvature of the layer edge was consistently observed ([Fig. 2f](#f2){ref-type="fig"}), probably because of slight relaxation of the overhanging viscoelastic material. On the basis of this analysis, we can predict the minimum FS concentration and yield stress required to prevent shape distortion of layer edge overhangs with different radii of curvature. This is shown in [Fig. 2f](#f2){ref-type="fig"} for inks exhibiting a surface tension of 0.017 N m^−1^ (dashed line). In this case, we predict, for example, that the ink with the highest FS content of 8 wt% (*τ*~y~=160 Pa) can potentially enable printing of undistorted layers with edge radii approaching 100 μm. Taking into account the observed relaxation effect, this would require the deposition of lines with an initial radius of curvature at least 35% smaller than this value.

Besides the formation of stable edge overhangs, another crucial requirement of the MM-3D printing process is to ensure the alignment of anisotropic particles in the presence of an external magnetic field. According to a previous study[@b25], the alignment of ultrahigh magnetically responsive platelets in Newtonian fluids with viscosity below a few Pa.s should be possible using low magnetic field strengths on the order of 1--10 mT. For the printing process, it is important that such an alignment occurs within short timescales to reduce the overall manufacturing time. To assess the dynamics of platelet alignment in our inks, we used an optical microscope to image the response of ultrahigh magnetically responsive platelets when subjected to a typical magnetic field of 40 mT rotating at 8.3 Hz ([Fig. 2g,h](#f2){ref-type="fig"}). The magnetized platelets were suspended at a concentration of 1 wt% in a representative solution of monomers exhibiting a Newtonian viscosity of 1.15 Pa.s. By setting the frequency to 8.3 Hz, we ensured that the drag forces exerted on the platelets were sufficiently high to promote their biaxial alignment within the plane of the rotating field[@b26].

The alignment of platelets was analysed by performing Fast Fourier Transforms (FFT) on time-lapsed snapshots taken in the optical microscope. [Figure 2h](#f2){ref-type="fig"} shows that alignment at longer elapsed times is clearly noticed by the formation of an elongated pattern in the FFT images. Alignment was quantified by measuring the aspect ratio of the elongated patterns as a function of time ([Fig. 2g](#f2){ref-type="fig"}). We find that platelets orient parallel to the plane of the rotating magnetic field within the first 60 s of the experiment. Assuming that the normalized aspect ratio of the FFT pattern is proportional to the concentration of fully aligned platelets, one can infer that ∼15 s are required to orient at least half of the suspended anisotropic particles. Since the alignment time depends on the size of the magnetized particles, the wide shape of the alignment curve likely reflects the broad size distribution of platelets used in the study. The experimentally determined alignment time was compared with a theoretical estimate obtained from a balance of torques acting on the platelet\'s edge (see [Supplementary Methods](#S1){ref-type="supplementary-material"} and [Supplementary Table 3](#S1){ref-type="supplementary-material"}). Using the average diameter of the platelets in the calculations, we estimate an average alignment time of 5--6 s. Slight platelet agglomeration and unfavourable steric interactions between platelets and the glass slides used in the alignment experiments are not accounted for in this simple calculation, which is probably the reason for the underestimated value obtained. We conclude that the simple analysis proposed can be used as a first order of magnitude estimate of the timescales associated with the texturing process of printed objects. Further investigation of the role of particle agglomeration and steric effects is required to enable a more accurate determination of the texturing timescales.

Printing of objects with exquisite microstructures
--------------------------------------------------

To demonstrate our ability to achieve orientation, composition and shape control using the proposed manufacturing platform, we printed an exemplary 3D object with complex geometry and intricate heterogeneous microstructure ([Fig. 3a](#f3){ref-type="fig"}). Two separate inks with distinct rheological behaviour are utilized, namely a viscoelastic 'shaping ink\' and a low-viscosity 'texturing ink\'. The shaping ink is designed to avoid shape distortions due to capillary effects, whereas the texturing ink is formulated to enable alignment of suspended anisotropic particles using a low external magnetic field. The geometry of the object (hereafter named helix) is designed to include both convex and concave curvatures and macroscopic dimensions in the centimetre range. The internal microstructure is programmed to show several heterogeneous features through local tailoring of the orientation and spatial distribution of anisotropic particles and the monomeric composition of the ink. The interior of the object contains locally concentrated platelets in the form of a spiral staircase that spans from the bottom to the top and smoothly conforms to the concave and convex outer surfaces of the 3D object. The local orientation of platelets in each of the staircase steps of the helix is designed to display tangential or radial orientations in an alternating manner from the bottom to the top. The bottom surface of the object is programmed to exhibit four specific areas with three different out-of-plane platelet orientations, which are separated by in-plane-oriented platelets to render a well-defined motif. Finally, the top surface also exhibits four regions with deliberately oriented platelets. In this case, the controlled texture is combined with a spatial gradient in platelet concentration, which continuously increases from the centre to the edge of the top layer.

Printing of this elaborate heterogeneous structure is realized through the combined deposition of the shaping and the texturing inks (printing parameters are shown in [Supplementary Tables 4 and 5](#S1){ref-type="supplementary-material"}). The shaping ink is deposited first to generate an outer rim that will define the contour of the 3D object at that specific height ([Fig. 3b](#f3){ref-type="fig"}). The texturing ink is then printed within the contours set by the shaping ink. The resulting layer is positioned under a rotating magnetic field to orient all the platelets suspended in the texturing ink in one specific direction. Exposure of a particular region of the textured layer to ultraviolet light polymerizes and crosslinks the monomer phase of the ink, eventually fixing the platelet orientation in the illuminated area. Patterned photomasks are used to define the illuminated area and thus enable spatial control over the local texture of the printed material. The magnetic alignment and selective curing steps are sequentially repeated until the desired microstructure of that particular layer is achieved. The fabrication process continues by following the same workflow for every deposited ink layer. In addition to texturing through the magnetic alignment process, gradients in the concentrations of constituents (for example, particles and monomers) are easily generated by mixing different ink formulations in a static mixer just before extrusion through the printer nozzle. In the example shown in [Fig. 3](#f3){ref-type="fig"}, a sacrificial shaping ink was used during printing of the outer rim and readily removed after curing the structure, allowing for the polymerized textured ink to be exposed at the outer surface of the object. Careful post treatment with grinding paper ensures a high surface quality of the object.

The intricate heterogeneous architecture of the resulting 3D object is shown in [Fig. 3c](#f3){ref-type="fig"}. Because of the brown colour of the alumina platelets and the optical transparency of the surrounding platelet-free ink, the spiral staircase is readily visible within the interior of the printed object. To assess the efficacy of the magnetic alignment and ink-mixing processes in creating locally heterogeneous textures and gradients, additional individual top and bottom layers were printed and investigated using light microscopy. Indeed, the micrographs shown in [Fig. 3d](#f3){ref-type="fig"} confirm that the programmed heterogeneous microstructure was effectively realized through the proposed printing approach.

Functional MM-3D printed objects
--------------------------------

To illustrate the potential of this printing technique in generating heterogeneous composite architectures with multiple functionalities, we fabricated soft devices that undergo programmed shape changes in 3D when triggered by an external stimulus that causes expansion or contraction of the composite polymer phase. As an example, we use the uptake or removal of a liquid phase from the printed object to impart such dimensional changes, which typically initiates within minutes. Differential expansion or contraction of an organic matrix is a common mechanism used by plant systems to change shape in response to environmental triggers[@b27]. Here we capitalize on our ability to tune the mechanical properties of the final printed material via proper ink formulation to programme the desired shape change into the 3D objects. The detailed ink formulations and the resulting mechanical properties of the printed materials are shown in [Supplementary Tables 2 and 6](#S1){ref-type="supplementary-material"}. While numerous other functionalities can be envisaged, we provide examples where the shape change of heterogeneous composites is exploited to fabricate soft mechanical fasteners that work through unconventional principles. The proposed concept does not require any chemical bonding and relies solely on the mechanical interlocking between parts driven by a programmed shape change of the fastening system.

In the first example, the fastening system consists of a hollow cuboid whose shape change enables joining of two separate elongated parts by a purely mechanical mechanism ([Fig. 4a,b](#f4){ref-type="fig"}). In this system, the internal size of the cuboid is designed to initially match the outer diameter of the elongated parts to be fastened. The matched dimensions enable easy initial sliding and alignment of the parts relative to one another. Fastening occurs by programming the opposing walls of the cuboid to change shape from a flat configuration to concave and convex surfaces. The reduced internal size of the cuboid arising from this shape change compresses the two parts together, fixing them in place by simple mechanical interlocking. This idea was experimentally realized by printing cuboid elements with bilayer walls consisting of crosslinked polymers with different swelling behaviour ([Fig. 4a](#f4){ref-type="fig"}). Remarkably, the cuboid undergoes the expected programmed shape change when allowed to swell in ethyl acetate, which is a good solvent for this particular polymer system. Concave and convex surfaces are generated by inwards and outwards bending of opposing walls of the cuboid. We also performed finite element analysis to simulate the shape change using independently measured swelling and mechanical properties of the crosslinked polymers as input parameters ([Supplementary Figs 1 and 2](#S1){ref-type="supplementary-material"} and [Supplementary Table 7](#S1){ref-type="supplementary-material"}). Comparison of the curvature of the concave and convex surfaces of the cuboid object reveals a good agreement between experiments and simulations. From the finite element analysis we predict a curvature of 66 and 74 m^−1^ for the outer surface of the convex and concave walls, respectively. This is close to the experimentally obtained values of 60 and 53 m^−1^ (see [Supplementary Table 8](#S1){ref-type="supplementary-material"}). Since this interlocking shape change can in principle be accomplished with water-swellable bioresorbable materials in the absence of any chemical adhesive, the proposed fastening system can be an attractive mechanical means for joining parts in the human body, such as tendons and muscles.

To demonstrate our ability to exploit multimateriality and texturing as two additional independently controlled dimensions for the design of multifunctional 3D printed objects, a second cuboid object was fabricated using similar stiff and soft inks but now including magnetized platelets in one of the inks. In this case, the differential swelling required for the shape change is achieved by combined multimaterials and texturing of the soft polymer ink. In addition, texturing is exploited to independently also control the local mechanical properties of the walls of the object in the axial direction. This is accomplished by aligning platelets horizontally in the top half and vertically in the bottom part of the cuboid ([Fig. 4c](#f4){ref-type="fig"}). The use of a magnet is the key to enable the biaxial alignment of platelets required to maximize their reinforcing effect. Such a magnetic alignment ensures deliberate texture control, which is in strong contrast to the more restrictive shear-induced orientation of anisotropic particles in the printing direction[@b23][@b28]. Mechanical testing of composites made from such texturing inks showed that the magnetic alignment of 15 wt% (4.4 vol%) of platelets in the tensile loading direction increases the strength and elastic modulus by 49% and 52%, respectively, as compared with specimens with platelets aligned perpendicular to loading ([Fig. 4d](#f4){ref-type="fig"}, [Supplementary Fig. 3](#S1){ref-type="supplementary-material"} and [Supplementary Table 6](#S1){ref-type="supplementary-material"}). Texturing was also found to affect the local swelling response of the walls of the printed object, as evidenced by the 30% increase in swelling strain along the *z* direction for walls containing in-plane aligned platelets in comparison with the out-of-plane counterpart ([Fig. 4c](#f4){ref-type="fig"}, [Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). Our ability to control the extent of swelling and the mechanical properties of the object in the *z* direction independently from the shape-changing effect illustrates the additional degrees of freedom accessible through MM-3D printing. The effect of texturing on the swelling and mechanical properties of the printed objects can be potentially further amplified by increasing the volume fraction of reinforcing particles in the inks. On the basis of our earlier work on suspensions loaded with magnetized platelets[@b29], the volume fraction of platelets in the ink can reach up to 27 vol% if mechanical vibration is provided to improve platelet packing and if the polymerization conditions are optimized to ensure complete monomer conversion in the presence of the light-absorbing iron oxide nanoparticles. Although this example demonstrates well the potential of such multidimensional design space, further systematic studies are required to investigate the extent of reinforcement and shape-changing capabilities that can be covered by each one of these additional printing dimensions.

Besides simple mechanical fastening of parts, shape-changing 3D objects were also printed in complementary geometries to generate smart key--lock connectors that are reconfigurable under external stimuli ([Fig. 4e,f](#f4){ref-type="fig"}). This concept further extends the functionalities of conventional rigid key--lock parts, since it allows for the configuration of multiple key--lock states using the same pair of complementary objects. For example, two soft parts can be designed to first enable easy shape recognition through complementary geometries and later undergo an externally triggered autonomous change in shape to establish a stronger attachment between the key--lock objects. We experimentally realized this design by printing the soft key--lock parts shown in [Fig. 4e](#f4){ref-type="fig"}. The walls of the parts consist of bilayers programmed to undergo complementary shape changes on swelling in a common solvent. The key forms a concave surface of well-defined curvature by the inwards bending of the walls. To ensure the desired geometrical matching, the bilayer walls of the lock are made of the same materials but in a reverse order to generate a convex surface of same curvature through outwards bending. In contrast to the purely frictional forces generated by the cuboid connectors, the reconfigured shape of the key--lock system leads to a geometrically interlocked joint that can withstand much greater mechanical loads. This is demonstrated in [Fig. 4f](#f4){ref-type="fig"} by using the soft fastener to carry a rigid object much heavier than its own weight. Because higher stress concentration occurs at the contact points between mechanically loaded key and lock parts, we utilized in this design composite inks that enable selective reinforcement of the shape-changing walls through the magnetic alignment of reinforcing particles. In addition to mechanical reinforcement, the thermal, optical, magnetic and electrical properties of the walls can be tuned through the deliberate alignment of anisotropic particles in different directions without impairing the targeted shape-changing effect.

Discussion
==========

Although this work focuses on one particular set of materials, the shape change required for reconfiguration can also be achieved using a much wider range of chemistries and external triggering stimuli. The three-dimensionality of the objects before the shape change also contrasts with the foil or stripe geometries thus far employed to fabricate reconfigurable matter[@b30][@b31][@b32][@b33][@b34][@b35][@b36][@b37][@b38]. This makes MM-3D printed shape-changing objects much closer to the intricate geometry of plant systems, opening new opportunities for the design and programming of more complex dynamic material systems[@b19]. Reconfigurable key--lock connectors based on shape-changing parts can potentially be used as autonomously triggered flexible joints, soft building blocks with reversible click-type links as well as selective pick-and-place systems in soft robotics.

The wide design space offered by the proposed MM-3D printing platform greatly expands the current set of toolboxes available for the design and fabrication of functional parts through additive manufacturing technology. Further exploration of such fabrication capabilities will also allow us to more closely replicate in synthetic systems some of the unique microstructural features exhibited by biological materials. Using biological design principles as the guidelines within such a broad parameter space will likely accelerate the development of a new generation of smart composite materials with unparalleled properties and functionalities using more biocompatible, abundant and environmental-friendly resources.

Methods
=======

Description of MM-3D printed objects
------------------------------------

The 3D objects printed in this study were fabricated using the following workflow: STL data generated in a commercial CAD programme were sliced using the Slic3r software[@b39] offered by Alessandro Ranellucci. The resulting G-code was further modified by a customized Python script and later printed using a commercially available 3D printer (3D Discovery, regenHU Ltd, Switzerland).

The helix-like object shown in [Fig. 3](#f3){ref-type="fig"} is 18 mm high with a circular base of 16 mm diameter and a circular top of 10 mm. The object consists of 60 circular layers, each of which displays a 60°-wide domain printed with a platelet-containing texturing ink ([Fig. 3a](#f3){ref-type="fig"}). The 60°-wide domain is deliberately shifted by 15° in every layer producing a 3D helical stair pattern. The remaining material of the object is clear and without platelets. The platelets in every 60°-wide domain are oriented in either a radial or tangential manner, alternating from one layer to another. The bottom layer was entirely printed with a platelet-containing formulation and contains five domains with three different out-of-plane orientations of platelets ([Fig. 3a](#f3){ref-type="fig"}). The local orientation of the platelets is indicated by white arrows. The platelets outside these domains are oriented in plane. The top layer exhibits a radial gradient in platelet concentration from the centre towards the edge. In addition to this gradient, the layer is divided into four domains with distinct alignment patterns (white arrows in [Fig. 3a](#f3){ref-type="fig"}). The platelet concentration within the gradient varies from ∼1.85 vol% in the centre to 0.37 vol% at the edge. Such a gradient was achieved by mixing a platelet-loaded stem suspension with a pure resin ink in the dual-component dispenser at a volume ratio range varying from 5:1 to 1:5. The helix object was surrounded by a sacrificial shaping ink during printing to allow for shape retention of the platelet-texturing ink and to facilitate printing of the concave shape of the part. However, the results shown in [Fig. 2](#f2){ref-type="fig"} prove that it is possible to create overhangs and concave geometries using a shaping ink of sufficiently high yield stress, which significantly reduces the printing time.

The cuboids shown in [Fig. 4a,c](#f4){ref-type="fig"} are 15.3 mm high with side lengths of 15 mm. The wall thickness was set to 1.6 mm, which corresponds to twice the printing line width of 0.8 mm. The cuboids consist of two materials, a soft highly swellable polymer and a stiff polymer, as indicated in [Supplementary Table 2](#S1){ref-type="supplementary-material"}. For the cuboid 2, platelets were incorporated in the soft phase and were oriented out of plane within the lower half of the object. The upper part was printed with platelets aligned in the printing plane.

Bar-like rigid elements made out of the stiff polymer were incorporated at three positions along the height of the cuboid: the top, the bottom and in the middle ([Fig. 4](#f4){ref-type="fig"}). These bars are 1.5 mm high and 0.8 mm thick. Cuboid 2 was printed with a surrounding sacrificial shaping ink layer to enable retention of the platelet-containing texturing ink, while cuboid 1 was printed without the use of a sacrificial ink.

The fastener shown in [Fig. 4e,f](#f4){ref-type="fig"} is 8.4 mm high and consists of two pieces exhibiting complementary key--lock geometries. Each piece displays a cuboid that allows for a shape-changing effect in part of the object. To achieve shape change, the pieces contain stiff elements that induce bending similar to the cuboid geometry. As opposed to the cuboids, one of the faces is entirely made of stiff polymer to work as attachment point of the fastener. In this case, three materials were incorporated: (1) stiff polymers for all the attachment structures and the stiff bars on the top of the shape-changing cuboid parts (shown in dark grey in [Fig. 4e](#f4){ref-type="fig"}), (2) a soft material for the remainder of the shape-changing cuboid structures (shown in light grey in [Fig. 4e](#f4){ref-type="fig"}) and (3) a platelet-reinforced stiff material for the reinforcement bars on the side of the cuboid structures (shown in brown in [Fig. 4e](#f4){ref-type="fig"}). The platelets were oriented normal to the printing plane and in the axial direction of the bars. Both pieces of the fastener were printed simultaneously, separated by a layer of sacrificial shaping ink. This ink was also applied around all faces containing the texturing ink.

Formulation and preparation of inks
-----------------------------------

The ink formulations contained the following main components: PUA oligomers, reactive diluents, photoinitiator, rheology modifier and the alumina platelets. The suppliers of these components and of other chemicals used in this work are shown in [Supplementary Table 1](#S1){ref-type="supplementary-material"}. The exact compositions of the formulated inks are shown in [Supplementary Table 2](#S1){ref-type="supplementary-material"}. The concentrations of the individual components of the inks were varied to fulfil the specific functionalities desired in each of the printed objects. The mechanical properties of materials printed with such ink formulations are discussed in the [Supplementary Methods](#S1){ref-type="supplementary-material"}. PUA oligomers were used as base constituents of all the inks, two of which lead to hard polymers (BR 302 and BR 571) and one of which generates a soft polymer (BR 3641 AJ). The diluents were further added to change the rheological properties of the inks and the mechanical properties of the resulting polymers. Depending on the chemistry of the inks, different grades of FS were used. The hydrophilic grade HDK T30 was applied for more hydrophobic compositions, whereas the more hydrophobic grade HDK H18 was used with more hydrophilic formulations. This enables the creation of a percolating network of silica particles that makes the ink viscoelastic ([Fig. 2](#f2){ref-type="fig"}). For the photoinitiation, we used either Irgacure 907 (BASF, Germany) with ultraviolet light or Irgacure 819 (BASF, Germany) with longer wavelength blue LED light.

The inks were prepared by first dissolving the oligomers in the diluents, followed by the addition of platelets and of the photoinitiator. FS was added to the resulting suspension, which was then homogenized for 5 min at 2,000 r.p.m. in a planetary mixer (ARE-250, Thinky). A degasing step at 2,200 r.p.m. for 5 min was also applied after homogenization. If the ink contained platelets, the mixture was additionally mechanically stirred with a high shear mixer (R 1303 Dissolver stirrer, IKA-Werke GmbH) at 2,000 r.p.m. for 15 min. This de-agglomeration step was also followed by a degasing step. The inks were transferred to 10-cm^3^ printing cartridges and subsequently degased again in the planetary mixer (2,200 r.p.m., 5 min).

MM-3D printing set-up and protocol
----------------------------------

The printing set-up is based on a commercially available direct ink-writing system (3D Discovery, regenHU Ltd). The base system consists of four pressure-driven syringes for the deposition of four different materials. This commercial 3D printer was equipped with a two-component dosing unit (Preeflow EcoDuo450, ViscoTec, Germany) to allow for printing of distinct gradients from tunable mixtures of two different inks. Mixing was performed with the help of a static disposable mixer (MLT 2.5-10-D, Sulzer Mixpac AG, Switzerland).

Alignment and curing were performed using two different magnetic and optical set-ups. In the first magnetic set-up, a rotating neodymium magnet at a fixed position was utilized. A glass plate with adjustable height allowed us to set the distance between the printed object and the magnet. By changing the orientation of the printed object on the glass plate relative to the magnet, the orientation of the platelets was deliberately controlled. The light guide of a spot curing lamp (Omnicure S1000) was directed towards the glass plate to provide the irradiation necessary for polymerization. A printed sample could therefore be subjected to a magnetic field of a rotating magnet and illuminated with ultraviolet light at the same time. A metal frame was constructed for inserting illumination masks between the printed object and the light source. During the printing process, the sample was moved manually between the printer and the alignment/curing set-up. This configuration was employed for the manufacture of the helix and the cuboid 1.

In a more advanced configuration, the alignment and curing steps were directly integrated in the printing machine. This integrated platform was used to print the cuboid 2 and the fastener samples. A rotating magnet set-up with adjustable rotational axes was installed in front of the 3D printer ([Fig. 1a](#f1){ref-type="fig"}). A blue-light light-emitting diode array with attached nitrogen flow was installed at the back of the printer. The stage with the object was programmed to move between the printing, alignment and curing stations during the printing process. Typically, the process started by keeping the stage in the middle position to enable printing of the first layer. The stage was then moved to the front to allow for platelet alignment under the rotating magnet. After alignment, the stage was finally moved all the way back to the curing station. This sequence was repeated successively until completion of the printing operation.

Shape change experiments and simulation
---------------------------------------

To trigger shape change of the cuboid, the sample was initially immersed in ethyl acetate overnight, taken out and left to dry. While in ethyl acetate, the cuboid underwent the shape change shown in [Fig. 4](#f4){ref-type="fig"}. Interestingly, the loss of some non-crosslinked material on immersion in ethyl acetate caused the sample to bend towards the opposite direction after complete drying (not shown). This is caused by the stronger shrinkage of the soft phase after dissolution of the non-crosslinked polymer. On re-immersion in the solvent, the original shape was regained in a couple of minutes. Prolonged immersion overnight led again to the bent shape shown in [Fig. 4](#f4){ref-type="fig"}, confirming the reversibility of the shape-changing effect. Eventually, the bent object was used to connect two PVC tubes that had a diameter smaller than the initial gap size of the cuboid. The shape change design and concept outlined here should be easily extendable to other acrylate-based systems that could be triggered for example by water uptake or removal[@b40].

After printing the cuboid 2, the support material was removed using a razor blade and the object was immersed in ethyl acetate for 3.5 h to trigger the programmed shape change. The dimensional change along the object\'s height was tracked by taking snapshots of the swelling part over time ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}).

The two parts of the fastener shown in [Fig. 4](#f4){ref-type="fig"} were separated after printing and the support material removed using a razor blade. The two parts were immersed in ethyl acetate for ∼30 min to trigger a shape change of the objects. The morphing parts were eventually assembled through mechanical interlocking and mounted on a stand. A 50-ml glass bottle was attached to the fastener to demonstrate the strong attachment obtained through the cooperative shape change of the internal walls of the key--lock matching parts.

Using the data shown in [Supplementary Table 7](#S1){ref-type="supplementary-material"} as input parameters, we performed finite element analyses in COMSOL Multiphysics 5.0 to simulate the shape change of the printed cuboid 1. The constituent materials were modelled as linear elastic solids using the hygroscopic swelling module of the software. Hygroscopic swelling coefficients (*β*) and solvent mass concentrations (*C*) were arbitrarily set to result in the swelling strains (*ɛ*) depicted in [Supplementary Table 7](#S1){ref-type="supplementary-material"}, utilizing the relation *ɛ*=*βC*.

Ink rheology
------------

For the rheological measurements, a base solution of 50 wt% HEMA and 50 wt% PUA BR 571 was prepared and mixed with FS at concentrations ranging from 0 to 8 wt%. All experiments were conducted in a Bohlin Instruments rheometer (Gemini 200 Advanced Rheometer, Software Bohlin V.6.32). Coaxial cylinders with a gap size of 150 μm were used in all the rheological experiments. No pre-conditioning shearing was applied to the tested inks. Storage and loss modulus were obtained from stress-controlled oscillatory measurements performed at 1 Hz and at ambient temperature. In this analysis, the applied stress was increased in a stepwise manner until values were well above the yield stress of the material. The yield stress of the different ink formulations was taken as the crossover points of the storage and loss moduli. The steady-shear viscosity of the inks at distinct shear rates was measured in another experimental series, in which the shear rate was increased stepwise up to ∼1,000 s^−1^.

3D shape retention experiments
------------------------------

Printing 3D objects with complex shapes requires the use of inks that are stable against capillary-driven distortions. To evaluate the effect of capillarity on the final shape of deposited inks, we printed films with well-defined initial dimensions and observed changes in their edge curvature after an equilibration time of 10 min. A well-defined initial radius was created by printing an overhanging layer on top of two previously deposited ink layers ([Fig. 2d](#f2){ref-type="fig"}). These experiments were performed using a base ink of HEMA and PUA BR571 (50:50) containing 0.1 wt% Irgacure 819 and FS concentrations ranging from 4 to 8 wt%. The two-component mixer dispenser was used for this experiment to enable more accurate volumetric control of the deposition rate. In this case, both compartments of the dispenser are filled with the same ink material. Three layers with dimensions of 20 × 4 × 0.3 mm were printed. The uppermost layer was shifted to generate an overhang with well-defined offsets of 200 or 400 μm with respect to the layer below. The printing velocity was set to 10 mm s^−1^ and the extrusion rate to 80 μl min^−1^. A conical extrusion tip with a diameter of 410 μm was used. Before polymerization, the samples were equilibrated for 10 min to eliminate distortion effects possibly arising from the printing process. The samples were cured for 60 s with an Omnicure S1000 Mercury lamp under N~2~ atmosphere. Samples were cut in the middle with a razor blade and images of the cross-section were taken with a light microscope. Radius analysis was performed in the middle of the top layer and at the offsets with the software Fiji ([Fig. 2d](#f2){ref-type="fig"}).

Platelet alignment dynamics
---------------------------

Alignment experiments were performed with a resin formulation consisting of 69.3 wt% HEMA, 29.7 wt% PUA BR-571 and 1 wt% magnetized platelets. A drop of such texturing ink was squeezed between two glass slides and observed under an inverted optical microscope while being subjected to a rotating external magnetic field. A rare earth magnet was positioned in close vicinity to the glass slides at a fixed distance from the ink. A constant magnetic field strength of 40 mT at a rotating speed of 500 r.p.m. was applied. A sequence of images was taken every 30 s for 10 min to monitor the degree of platelet alignment as a function of time. To quantify the degree of alignment, the obtained images were rendered binary and a FFT was performed using the software Fiji[@b41]. The vertical and the horizontal diameters of the resulting pattern were used for alignment quantification. For a first-order approximation, such diameters were taken as the distances at full-width at half-maximum of Gaussian fits to the brightness distributions on both axes. The ratio between these two diameters were then used as the alignment factor shown in [Fig. 2g](#f2){ref-type="fig"}.
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![Schematics of the MM-3D printing platform for the creation of heterogeneous composites.\
(**a**) Direct ink-writing hardware equipped with multiple dispensers (I), a mixing unit (II), movable head and table (III), a magnet (IV) and a curing unit (V). (**b**) Example of MM-3D printed object designed to change shape on external stimulus. Different inks were formulated to results in (VI) a stiff material, (VII) a soft swelling material, (VIII) an anisotropic reinforced material, and (IX) a support material. (**c**--**e**) Illustrations of typical ink constituents. (**c**) Oligomers and monomers that form the base material and are crosslinked after deposition to generate a polymer network. (**d**) FS nanoparticles that percolate throughout the resin. (**e**) Anisotropic particles oriented by the external magnetic field. (**f**) chemical structures of typical ink monomers/oligomers. (**g**) SEM image of fumed silica particles. Scale bar, 500 nm. (**h**) SEM image of alumina platelets. Scale bar, 10 μm.](ncomms9643-f1){#f1}

![Rheology, shape retention and platelet alignment dynamics of the investigated composite inks.\
(**a**,**b**) Rheological data obtained under (**a**) oscillatory and (**b**) steady-shear conditions for inks with increasing concentration of FS: 2, 3, 4, 5, 6 and 8 wt. % FS in **a** and 0, 1, 2, 3, 4, 5, 6, 7 and 8 wt. % FS in **b**. The FS content increases from light to dark blue. (**c**) Effect of the FS content on the yield stress of the ink. (**d**--**f**) Analysis of shape distortion of inks with different FS concentrations. Micrographs in **d** exhibit cross-sections of three-layered films printed with inks containing increasing FS concentrations. An overhang was deliberately created here by offsetting the top layer relative to the others. The equilibrium radius of curvature (*r*~eq~) was measured at the overhang, while the initial radius (*r*~0~) was assumed to be half of the thickness of the layer. Scale bar, 200 μm. Graph **e** shows the direct correlation between the yield stress and the equilibrium curvature at low FS concentrations (4--6 wt%), when Δ*P*\>*τ*~y~. A surface tension of 0.017 N m^−1^ was estimated based on the linear fit shown in this graph. Graph **f** shows the radius of curvature of the overhang as a function of the yield stress of the ink. Unfilled and filled symbols represent initial and equilibrium radii for 200-μm (diamonds) and 400-μm offsets (spheres), respectively. The dotted line indicates the equilibrium radius of curvature calculated from the experimentally obtained surface tension. (**g**,**h**) Alignment dynamics of platelets in the presence of a rotating magnetic field. Graph **g** shows the increase in the degree of platelet alignment as a function of time. Micrographs in **h** depict snapshots of the platelet suspensions at three different time points. Scale bar, 50 μm. The insets display FFTs of the optical images.](ncomms9643-f2){#f2}

![MM-3D printing of complex heterogeneous composite with intricate shape, local texture and local composition.\
(**a**) Design and programming of the heterogeneous composite, highlighting the changes in the local texture (white arrows) and platelet concentration within the 3D structure. (**b**) Steps involved in the MM-3D printing process. The shaping ink is indicated in grey, whereas the texturing ink is shown in beige. Patterned black foils represent the lithographic masks. (**c**) Actual MM-3D printed object with internal helicoidal staircase. Scale bar, 5mm. (**d**; Top) Photograph of the top layer of the structure, highlighting the successful realization of the programmed gradient in platelet concentration and locally different platelet alignment. Optical micrographs I and II indicate that the local platelet orientation matches the programmed architecture. (**d**; Bottom) Photograph of the bottom layer of the structure, indicating the effective printing of domains with different local platelet orientations: in-plane oriented platelets (III) and out-of-plane oriented platelets aligned along different pre-programmed directions (IV - VI).](ncomms9643-f3){#f3}

![Soft mechanical fasteners fabricated through programmable MM-3D printing of shape-changing objects.\
(**a**; Top) Drawings and actual printed cuboids before the shape change. This part is named cuboid 1. (**a**; Bottom) Finite element simulations and actual pictures of the cuboids after the shape change. At the bottom right, the simulated cross-section of the cuboid is superimposed on a picture of the actual part to illustrate the good agreement between experimental and predicted curvatures. Scale bars, 10 mm. (**b**) Cuboid-mediated fastening of two tubes achieved through the shape change of the printed object. Scale bar, 20 mm. (**c**) Cuboid object with same architecture as in **a** but containing anisotropic platelets magnetically aligned in different orientations within the soft phase. This part is named cuboid 2. The platelets are aligned horizontally in the top, darker half and vertically in the bottom, brighter half. Scale bar, 10mm. *ɛ*~s~ is the swelling strain. (**d**, Left) Representative stress--strain curves of printed materials comprising the soft phase reinforced with platelets aligned in different orientations. (**d**, Right) Elastic modulus (*E*), strength (*σ*) and strain-at-rupture (*ɛ*~r~) of the printed materials with different textures. Error bars show s.d. (*n*=5). (**e**; Top) Drawings and actual printed key--lock objects before the shape change. (**e**; Bottom) Finite element simulations and actual pictures of the key--lock structure after the shape change. Scale bars, 15 mm. (**f**) Mechanical fastening enabled by the shape-changing key--lock architecture. Scale bar, 15 mm. In all drawings, light and dark grey colours indicate soft and hard phases, respectively.](ncomms9643-f4){#f4}
